CO2 storage in saline aquifers: In the Southern North Sea and Northern Germany  by Vandeweijer, Vincent et al.
Available online at www.sciencedirect.com
   
 
Energy  Procedia  00 (2008) 000–000 
 
Energy 
Procedia 
 
www.elsevier.com/locate/XXX
 
GHGT-9 
CO2 Storage in Saline Aquifers:  
In the Southern North Sea and Northern Germany 
Vincent Vandeweijer1*, Bert van der Meer1, Leslie Kramers1, Filip Neele1 
Nicolas Maurand2, Yann Le Gallo2, Dan Bossie-Codréanu2 
Frauke Schäfer3, David Evans4, Karen Kirk4 
Christian Bernstone5, Sarah Stiff6, Wilson Hull6 
1TNO, Geological Survey of the Netherlands, P.O. Box 80015 - 3508 TA Utrecht - The Netherlands 
2IFP, 1 et 4, avenue de Bois-Préau – Rueil-Malmaison Cedex – France 
3BGR, Stilleweg 2 – Hannover - Germany 
4BGS, Kingsley Dunham Centre, Keyworth – Nottingham – Umited Kingdom 
5Vattenfall research and Development AB, Stockholm – Sweden 
6E.ON Engineering, Ratcliffe-on Soar -  Nottingham – United Kingdom 
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
CO2 storage in depleted gas fields is attractive but gas fields are unequally distributed geographically and can be utilized only 
within a restricted window of opportunity. Therefore, CO2 storage in saline aquifers can be expected to become an important 
element of CO2 capture and storage (CCS) systems. CO2 storage in saline aquifers is studied in the European DYNAMIS project, 
where special attention was paid to the relation between the geological structure, geological properties and achievable injection 
rates. This paper presents the results from simulations of CO2 storage in two aquifer structures. One aquifer structure is located in 
the English sector of the Southern North Sea and one aquifer structure located in Northern Germany. 
The geological model of the Southern North Sea structure was built using existing knowledge of facies geometry and distribution 
from literature and well logs and the overall geometry from interpreted horizons. The distributions of properties like lithology, 
net-to-gross ratios, porosity and permeability were stochastically modelled to represent the braided and meandering river and fan 
systems within the Bunter Sandstone Formation. High-porosity and high-permeability zones model fluvial channels running 
through the reservoir.  
A different approach was chosen for the North German structure. Because there is no information on the facies or petrophysical 
parameter distribution of the aquifer, three different model scenarios were generated. One model was created with homogeneous 
properties throughout the aquifer. Two other model scenarios were generated allowing the porosity and permeability to vary 
within certain ranges. This was done using a sequential Gaussian simulation with the known mean, minimum and maximum 
values of porosity and permeability, respectively. 
Due to the size of the aquifer structures and computing limits, up-scaling of the geological model of the Southern North Sea was 
required. The up-scaling was aimed to retain as much as possible of the modelled geological features such as braided river and 
fan systems. Several reservoir simulations were carried out in collaboration between TNO and IFP to assess CO2 injection. 
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Given the injection rate constraints, the aim of the injection simulations was to: 
• assess the achievable rate of injection; 
• study the migration and behavior of the CO2 in the reservoir; 
• assess the most appropriate location(s) for the CO2 injection wells using alternate injection strategies. 
The injection strategy is relevant especially for the Southern North Sea structure, where river and fan systems may results in 
high-permeability zones through the reservoir. Accessing such systems may significantly improve a reservoir’s value for CO2 
storage. The effect of such systems on the injection rates is demonstrated. The reservoir simulations also demonstrate the 
injection rates that can be achieved in tight reservoirs as in the North Germany case, and the effect of spatial variability of 
geological parameters. This will show whether it is reasonable to assume spatial geological homogeneity, when data on the 
reservoir formation are scarce. 
Keywords: CO2; Aquifer; Storage; Reservoir; Southern North Sea; Northern Germany; Bunter Sandstone; Dynamis; CCS 
1. Introduction 
The Dynamis project2 is a European project which goal is to investigate viable routes for hydrogen and electricity 
production by including CO2 Capture and Storage (CCS). It is supposed that the power plant will generate around 
3.3 megatonnes per year (Mt/y) of CO2 for 30 years. This article focuses on the storage aspect by simulating the 
possibility of injecting the required amount of CO2 (100 Mt) into saline aquifers. Simulations help to investigate the 
induced pressure increases and the short/long-term migration of CO2 resulting from the CO2 injection over a 30 year 
period. The work has been carried out by TNO, IFP, BGS, BGR, Vattenfall and E.ON. The aquifers investigated are 
located in the English sector of the Southern North Sea and the Northern part of Germany.  
The Southern North Sea offers a number of prospective sites with the potential for underground storage of CO2. 
Large, structurally simple closed anticline dome shaped structures are present, within which exists a reservoir with 
high porosity and permeability (Bunter Sandstone Formation). The Bunter Sandstone Formation varies in thickness, 
but locally exceeds 350 m. It forms the reservoir to a number of gas fields in the southern North Sea, including 
Hewitt and the Esmond-Forbes-Gordon gasfield complex. 
Northern Germany offers similar sorts of unfaulted anticline dome structures. As in the Southern North Sea case-
study the reservoir in the Northern Germany case-study was the Bunter Sandstone Formation. 
 
Figure 1: Locations of the Southern North Sea site and the site in Northern Germany. 
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Figure 2. Triassic, Bacton Group, Bunter Sandstone Formation, UK Southern North Sea. 
2. The Southern North Sea site 
2.1. Location and Geological setting 
The British Geological Survey (BGS) identified an area in the Southern North Sea in which the Bunter Sandstone 
formation is present in relatively simple four-way dip closures. The base of the Bunter Sandstone Formation is 
defined by a downward change from a dominantly arenaceous sequence to the argillaceous Bunter Shale Formation. 
The Bunter Sandstone Formation is succeeded by mudstones, evaporites and carbonates of the Dowsing Formation 
(Haisborough Group), which has good sealing properties. The Bunter Sandstone Formation comprises sands derived 
largely from the UK onshore area to the west and the London Brabant Platform to the south [1].  
Seismic reflection data reveals that the simple four-way dip closures are little affected by faulting and the 
anticlinal structures arise from halokinetic movements of the underlying Zechstein (Permian) salts. The Bunter 
Sandstone Formation forms a continuous layer with good connectivity throughout the whole area.  
Although the Bunter Sandstone Formation is present throughout most of the UK sector of the Southern North 
Sea, to the north and west of the identified area, large scale faulting is mapped, which has the potential to influence 
the connectivity to the rest of the Bunter Sandstone Formation. To the south east the continuity of the Bunter 
Sandstone Formation might be compromised by large salt walls and faulting resulting from movement of the 
Zechstein salt. Secondary salt cementation is known to be present towards the north of the area in the Esmond-
Forbes-Gordon gasfield complex [2, 3] and is likely to compromise the connectivity to the rest of the Bunter 
Sandstone Formation.  
2.2. Geological model 
A detailed geological model was constructed from available public domain data. In the Southern North Sea the 
Bunter Sandstone Formation is thought to consist of deposits of coalescing alluvial fans dissected by fluvial braided 
channels with occasional wind-blown deposits [2, 3] 
 
Input data for the geological model, including a structure contour map of the depth of the top Bunter Sandstone 
Formation was provided by the British Geological Survey (BGS) following approval by the Department for 
Business and Regulatory Reform (DBERR), In addition borehole logs and porosity/permeability data from wells 
located within and near the study area and from published papers which describe the local gas field geology was 
used. 
The geological model incorporated the different rock types, facies and sedimentary distribution patterns thereby 
trying to reflect the heterogeneity within the Bunter Sandstone Formation. This approach would enable the 
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geological model to incorporate high-permeability streaks and shale barriers which could have a significant 
influence on the migration of CO2. 
The top of the geological model was based on the top Bunter Sandstone Formation map and modified to fit 
accurately with reinterpreted well data. The model covers almost 4000 km2 (70 km x 55 km) of the Southern North 
Sea. The Bunter Sandstone Formation was divided into seven reservoir zones according to the classification 
proposed by Ketter [3]. The zones were interpreted on the well data and a 3-dimensional layered model was created 
that fits the well interpretations and that follows the overall trend of the updated top Bunter Sandstone Formation 
structure contour map. The overall thickness of the modelled Bunter Sandstone Formation is in the range of 40 m to 
almost 200 m, with an average thickness of 126 m. The average depth of the top of the Bunter Sandstone Formation 
lies at 1717 m. Lithology logs were created by using k-means algorithms on the available logs (k-means algorithms 
cluster objects based on attributes). By applying the technique of stochastic object-based facies modeling linked to 
the lithology logs and the facies descriptions by Ketter [3], a realistic heterogeneous geological model was created 
incorporating all the “hard” data available but also allowing inclusion of the “soft” data from published papers 
(Figure 3). 
 
2.3. Reservoir model 
Due to the size of the geological model (almost 4 million grid blocks) and computing limits, the geological model 
was up-scaled retaining the porosity and permeability field characteristics as much as possible. Different up-scaling 
approaches leading to different reservoir models were investigated by TNO and IFP. These different and equally 
likely reservoir models had an impact on the CO2 migration and pressure development. 
The final reservoir models used a geothermal gradient of 35 °C per km in combination with a reference 
temperature of 4 °C at 100 m below the sea surface (approximately sea bottom). All reservoir models used a salinity 
of 130 gram per liter (g/l) based upon the salinity range for the Bunter Sandstone reservoir in the Esmond-Forbes-
Gordon gasfiled complex [3]. 
 
As the geological setting beyond the model area is uncertain, different boundary conditions were investigated: 
•  Scenarios undertaken by TNO used no-flow boundaries. Salt walls, faults and secondary cementation were 
considered to reduce the connectivity of the storage site with the rest of the Bunter Sandstone Formation, 
thereby hydraulically isolating the saline aquifer from the rest of the Bunter Sandstone Formation. This causes 
the affected space [4] to be limited to the modelled area itself.  
• Scenarios undertaken by IFP assumed constant hydrostatic pressure at all lateral boundaries. This boundary 
condition permits flow in and out of the structure to maintain the constant pressure at the model boundary. This 
assumes that the storage site is in hydraulic connection with an (infinite) aquifer to simulate that the aquifer 
extension beyond the model area. 
 
   
Figure 3. Maps of facies distributions in the Bunter Sandstone Formation in the Southern North Sea. On the left a facies distribution  representing 
a flood plane type sedimentary environment. On the right a facies distribution representing a fan type sedimentary environment.  
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CO2 saturation after 30 years 
 
CO2 saturation after 1000 years 
 
CO2 in solution after 1000 years 
 
CO2 saturation after 30 years 
 
CO2 saturation after 1000 years 
 
CO2 in solution after 1000 years 
Figure 4. Plan views and cross section views of CO2 distributions in the Bunter Sandstone Formation in the Southern North Sea with closed 
boundary conditions. The CO2 injection takes place near the center of the model. The actual reservoir model is larger than what is displayed. 
North is to the upper right. 
2.4. Numerical simulations 
The flow simulations were carried out with SIMED II (TNO) and COORES (IFP) [5]. An amount of 3.3 Mt/y of 
pure CO2 per year was injected over a 30 year period. The behaviour of the CO2 was simulated for a period of at 
least 1000 years. Injection locations ranging from near the centre of the model (Figure 4 and 5) to further down 
slope were investigated in order to asses the effect of various permeability fields near the well location, high-
permeability streaks and the dissolution of CO2. The over-pressures encountered near the injection well locations 
ranged from 56 to 110 bar, suggesting an equal amount of variation in achievable injection rates when taking critical 
formation pressures into account. 
 
 
CO2 saturation after 30 years 
 
CO2 saturation after 1000 years 
 
CO2 in solution after 1000 years 
Figure 5. Plan views of CO2 distribution in the Bunter Sandstone Formation with constant hydrostatic pressure boundary conditions. The CO2 
injection takes place in the same location as Figure 4. In this figure, North is to the upper left. 
North
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Figure 6. Cross-sectional views showing the development of over-pressure through time within the Bunter Sandstone Formation in the Southern 
North Sea as a result of CO2 injection. Left: zero-flow boundary conditions; right: constant-pressure boundary conditions. 
Simulations carried out by TNO and IFP enabled the influence of the two contrasting boundary conditions and 
up-scaling techniques to be investigated with respect to CO2 migration and development of overpressure as shown in 
Figures 4 through 6. As a consequence of the CO2 injection, in all cases, an almost immediate pressure increase is 
observed in the storage reservoir. The pressure disturbance is transmitted rapidly due to the poor overall 
compressibility of the reservoir (brine and rock). The maximum computed over-pressure in the reservoir ranges 
between 65 to 90 bar for different scenarios. Post CO2 injection (beyond 30 years), the over-pressure near the 
injection well drops rapidly. A new equilibrium state is reached already after about 10 years.   
• In the cases where closed boundary conditions were used the overall average pressure, after injection, is raised by 
more than 20 bar. This is due to the significant volume of CO2 injected, the poor compressibility of the reservoir 
and its fluid (brine) and the boundary conditions (closed) assumed within the model. 
• In scenarios with constant pressure boundary conditions the average reservoir pressure returns to hydrostatic 
pressure. The injected CO2 have displaced 112 million tonnes of brine out of the model. This volume represents 
0.18% of the total initial volume of brine within the storage reservoir. 
3. The North German site 
3.1. Location and Geological setting 
The structure under investigation is a simple, un-faulted anticline of lower Triassic strata above a Zechstein 
pillow, a structure very similar to that of the Southern North Sea case. The reservoir is made up of a Middle 
Buntsandstein clastic sequence and the seal is represented by evaporite rocks of the Upper Buntsandstein. 
Only two of the Middle Bunter sandstone layers present in the area are thick enough to be considered reservoirs 
for CO2. These are the Detfurth sandstone, including an uppermost Volpriehausen sandstone layer at its base, 
totaling a reservoir thickness of 55 m, and the main Volpriehausen sandstone of 20 m thickness. The seal of the 
aquifer is formed by a 300 m thick halite layer of the Upper Buntsandstein. 
3.2. Geological model 
Publicly available petrophysical parameters such as porosity and permeability are scarce. The best source for the 
N German Basin is from Schulz & Röhling, 2000 [5]. Additional information was gathered from data coming from 
the Horstberg Z1 well. The Geotectonic Atlas of NW Germany [7] was used to extract the Base Lower 
Buntsandstein and Base Upper Buntsandstein contour grids. Between these horizons five stratigraphic intervals were 
created, representing the Detfurth sandstone and the Volpriehausen sandstone intercalated by three claystone 
dominated zones.  
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CO2 saturation after 30 years 
 
CO2 saturation after 10.000 years 
 
CO2 in solution after 10.000 years 
Figure 7. Distribution of CO2 through time in the North German aquifer. Eight injectors are located on the slopes of the dome structure. 
3.3. Reservoir model 
Various reservoir models were created, but because of the small amount of data porosity and permeability 
distributions were modelled via sequential Gaussian simulations, a purely statistical way, with varying standard 
deviations. Reservoir properties were: a minimum porosity of 3%, maximum 10%, and mean of 7%, and a 
permeability ranging from 0.1 to 60 milliDarcy (mD) with a mean of 1 mD. In reality the sandstone is expected to 
have a supporting micro-fracture based permeability, but this has not been taken into account. 
3.4. Numerical simulations 
Due to the tight nature of the reservoir eight vertical injector wells, perforated over the whole reservoir trajectory, 
were used, rather than the single injector well scenario used in the Southern North Sea case. The injected gas stream 
was assumed to consist of pure CO2 and during the simulations a constant rate of 3.3 Mt CO2 per year (413 kilo 
tonnes per injector) was injected over a period of 30 years. The behavior of the CO2 was simulated for a period of 
10.000 years (figure 7). After the start of the CO2 injection an immediate and significant increase in pressure could 
be observed near the injector wells (figure 8). Wells surrounded by an area of relatively low porosity and 
permeability showed even higher pressures. Using the dome with closed boundaries as the reservoir had a severe 
impact on the pressure build-up. Therefore the model was extended to cover an area of 140 x 160 km, mimicking the 
fact that the dome is part of a larger aquifer. 
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Figure 8. Pressure distributions during and after the injection period, for the North German case. 
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4. Results and Conclusions 
In practice it will be important to map the affected area correctly in order to predict pressure development and 
injection rates.  
In the North German case very little hard data on the site was available. All the simulations of the multiple 
scenarios show that the injected CO2 stays well within the dome structure and will not reach a spill point. 
Furthermore, the CO2 will only occupy a relatively small portion of the pore space within the structural closure. This 
is due to the fact that injection takes place in a tight formation. The increased pressure caused by the CO2 injection 
will severely affect an area of several tens of kilometers surrounding the storage site. In tight formations, injection 
pressure limits are likely to restrict injection rates to values that may not be sufficiently high to render CO2 storage 
economically feasible. 
In the Southern North Sea case study, although the data available was limited, numerical geological models of the 
Bunter Sandstone Formation where created, incorporating all the “hard” data both (top reservoir structure contour 
map, limited well data) and “soft” data (published articles). Modelling of CO2 injection in the Bunter Sandstone 
Formation in the Southern North Sea produced the following results. 
• Injection modelling produced reservoir pressures; these pressures should be compared with pressure limits 
derived from geomechanical modelling on the reservoir and cap rock in order to derive feasible injection rates.  
• Permeability in the order of 100 mD range is required to achieve injection rates of 3 Mt/yr CO2.  
• When injecting CO2 into reservoirs composed of alluvial fans, such as the Southern North Sea case study. The 
location of the injection well can have a significant influence on the achievable injection rates. In this study, 
maximum injection overpressure ranged from 56 to 110 bar overpressure, suggesting a similar variation in 
injection rates. 
• In all simulations, the injected CO2 could be retained in the dome shaped trap, but a large aquifer volume was 
required to accommodate the pressure increase to create the space for the CO2. Extreme pressure build-ups can be 
mitigated by adopting different injection strategies. 
• Injecting CO2 near the centre of the model, an area where high permeability exists, the maximum overpressure in 
the reservoir is predicted to range between 65 and 90 bar near the top of the reservoir at approx 1500 m.  
• The pressure increase will affect a large area beyond the storage site and depending on the model boundary 
conditions the simulated pressure distribution and magnitude will differ. 
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